We demonstrate a highly directional integrated silicon photonic vortex beam emitter based on an Archimedean spiral adiabatic waveguide with angular grating. Various order orbital angular momentum modes can be selectively generated by the emitter at different wavelength and the side-mode superposition ratio is as large as 13.6 dB.
Introduction
Vortex beams with helical phase fronts can carry orbital angular momentum (OAM), which is defined in an unbounded infinite-dimensional Hilbert space for photons [1] . Therefore it is in principle possible to encode a much larger amount of information in the OAM degree of freedom [2] . Previously, we have demonstrated a micrometersized silicon photonic OAM emitter capable of generating any OAM states by simply changing the input wavelength, based on a micro-ring resonator with an angular grating embedded within the inner sidewall [3] . However, diffraction effects spread the emission into a series of concentric annuli and the smaller the emitter, the bigger the divergence angle, which makes it hard to collect and utilize all the emission energy. Here, based on our previous work [3] , we demonstrate integrated Archimedean spiral vortex beam emitters with high directivity on a 220 nm-thick silicon-on-insulator material. As shown in Fig. 1 , the device consists of an input waveguide (I), a 3-turning Archimedean spiral adiabatic waveguide with angular gratings (II) and an extended Archimedean spiral adiabatic inversed taper (III). The width of the Archimedean spiral adiabatic waveguide is engineered in such a way that the phase change of the fundamental TE mode along the azimuthal direction is uniform at a wavelength of 1550 nm. Gratings are embedded in the inner sidewall of the waveguide with equal angular intervals. The propagating fundamental TE mode is then coupled to different OAM modes by the angular grating with mode order l p q = − , where p is the fundamental TE mode optical period and q is the number of gratings in one turning. 
Design and Fabrication
In polar coordinates, the normal Archimedean spiral can be described as π π − to form a 3-turning spiral curve, and then optimized the width of the spiral waveguide at different angles to keep a constant phase change. As showed in Fig.  1(b) , the width of the Archimedean spiral increases from 408 nm to 586 nm as a function of the angle (blue curve) and the corresponding simulated effective refraction index increases from 2.25 to 2.55 (green curve). With the above geometrical parameters, the phase of the fundamental TE mode varies linearly with the angle as shown in Fig. 1(c) .
The angular interval of the gratings is set to 1.3 degree to form second-order gratings. A 1-turning spiral device with the same 0 r and 1.2 Λ = was designed to compare the directivity with that of a 3-turning device. The emitters were fabricated on silicon-on-insulator (SOI) to ensure high-confinement and compact structures. The 220-nm thick waveguides were patterned using electron beam lithography and reactive ion etching. Following the procedure described in Ref. [3] , we measured the OAM mode order at different wavelengths by beating the radiated beam with a Gaussian reference beam, as shown in Fig. 2(a) . Fig. 2(b) shows the interference patterns of the right-hand circularly polarized (RHCP) components and confirms that this device is capable of generating OAM beams. We further measured the side-mode suppression ratio (defined as the ratio of the selected OAM mode to the side-mode with highest power) of these OAM modes using the method described in [4] . Fig. 2(c) shows the on-axis intensity distribution of the RHCP component of the vortex beam with 4 l = − at a wavelength of 1592.2 nm, with a SMSR of 12 dB. Fig. 2(d) shows the SMSRs of different OAM modes, with values ranging from 8 dB to 13 dB. The intensity distributions of 1-turning and 3-turning device is shown in Fig. 2(e) and clearly confirms that the directivity of the emission of the 3-turning device is improved compared with the 1-turning device.
Experimental Characterization

Conclusion
We have experimentally demonstrated highly directional vortex beam emitters based on Archimedean spiral adiabatic waveguides with angular gratings. Modes carrying OAM with high SMSR can be selectively generated at different wavelengths. More spiral turnings can be designed to further improve the emission directivity [5] .
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